Complex III of the mitochondrial electron transfer chain is an asymmetric unit with a diameter of 80-100 Al and a molecular weight of about 300,000.2 Preparations of the complex contain 20-30 per cent by weight of lipid and (in the presence of bile salts) are water soluble.3 Under appropriate conditions (involving dilution of the bile salts), the units aggregate into vesicular membranes.4 The complex exhibits reduced coenzyme Q-cytochrome c reductase activity with high specific activity.3 The following accumulated evidence strongly supports the contention that the complex represents the subunit of the inner mitochondrial membrane which catalyzes the corresponding span (reduced coenzyme Q-cytochrome c reductase) of the electron transfer chain: (i) The complex has been prepared from mitochondria by three different procedures. All preparations have the identical composition in terms of their content of cytochromes and nonheme-iron protein. 3 5 6 (ii) At all stages in the purification of the complex, the ratios cytochrome b: cytochrome cl (ref. 7) and nonheme-iron protein: cytochrome c1 (ref. 8 ) remain constant.1' 6 (iii) All preparations of the complex exhibit, on ultracentrifugal analysis, a single peak with constant sedimentation characteristics,2 consistent with the minimum particle weight as assessed by cytochrome cl content. (iv) The dimensions of the particle as seen by electron microscopy are consistent with this molecular weight, and are similar to the dimensions of the "base-piece" repeating units of the mitochondrial inner membrane. (v) The complex represents the purest form in which the component species have been isolated without loss of native characteristics relating to spectra, oxidation-reduction potential, and solubility. (vt) Specific inhibitors of reduced coenzyme Q-cytochrome c reductase (such as antimycin A) exhibit much the same inhibitory behavior with the isolated complex as with intact mitochondria.3 Cleavage of the complex results in loss of both enzymic activity and the capacity to bind antimycin A.9-1' By all the above criteria the complex must be considered as a single, integrated enzymic unit. Indeed it probably represents one of the best-documented examples of such a multiprotein enzyme. This is not to say that it might not be possible to demonstrate partial reactions both with the intact complex and with isolated fragments. All available evidence, however, suggests that such reactions would be, to some extent, artifactual.
An intensive study has recently been made to extend the available knowledge of the composition and structural organization of the complex.1 [10] [11] [12] In addition, certain significant observations relating to spectral changes in the active complex have also been reported.13 It is the purpose of this communication to integrate these findings into a tentative model of the mechanism of electron transfer within the complex, and to relate this model to the problem of the primary process of energy transduction in the mitochondrion.
The following are the salient features of the model which will be developed (cf. Electron flow through the complex is considered to be a discontinuous process. Electrons from reduced coenzyme Q are considered to be fed into the complex at two separate sites: at one of the cytochromes b, and at a second site which might involve a new functional group, X. Initially, the orientation of the complex is treated (for the purposes of description only) as an extended V. In this model, cytochromes b and cl are out of contact with each other at the ends of the arms of the V (possibly in a lipid milieu); X is at the base angle. When cytochrome b is first reduced, there is thus no flow of electrons. However, reduction of X by a second electron results in a conformational change so that the angle at X becomes more acute. The complex is thus, in terms of composition, a remarkably elaborate apparatus for the transfer of electrons from reduced coenzyme Q to cytochrome c. Indeed, it is this very complexity which compels speculation that within the structural organization of the complex lies the capacity for the integration and transduction of the energy released during the flow of electrons from a two-electron donor, reduced coenzyme Q, to a one-electron acceptor, cytochrome c.
(2) Fractionation studies, titrations of sulfhydryl groups, and studies on the enzymic digestion of the complex,' have led to three tentative assignments pertaining to the organization of components within the complex: the nonheme-iron protein is on the "outside"'6 of the complex, possibly associated with phospholipid and with bound coenzyme Qlo; cytochrome c1 is on the "outside" of the complex, and intimately associated with the site of action of antimycin A; and "core protein" is on the "inside" of the complex, probably associated with other components by virtue of interactions involving free sulfhydryl groups (sulfhydryl group reagents such as mersalyl are required to cleave "core protein" from the complex).1' There are eight readily titratable sulfhydryl groups on the "outside" of the complex; these are not essential for enzyme activity. In concentrated detergents or in the presence of guanidine hydrochloride, a total of 23 sulfhydryl groups are titratable in the (denatured) complex.
(3) Reduction of the complex (or treatment with antimycin A) imparts to it a markedly increased conformational stability. Thus, although reduction (or treatment with antimycin A) does not affect the titration of the sulfhydryl groups on the "outside" of the complex, it markedly decreases the number of other sulfhydryl groups which can be titrated in the presence of denaturing agents. Similarly, reduction of the complex (or treatment with antimycin A) prevents the cleavage of a segment of the complex containing cytochrome b from a segment containing cytochrome cl under conditions where the oxidized complex undergoes rapid cleavage.9' 10 (These conditions are rather specific and involve treatment either with guanidinium salts or with detergent plus ammonium sulfate.) The In experiments using glycerol or D20 as solvents, cytochrome b is rapidly reduced by reduced coenzyme Q, but a crossover point is observed between cytochrome b and cytochrome cl. One interpretation of these findings is that a proton is involved in the electron transfer process between cytochrome b and cytochrome c1.'3 Such a proton requirement might relate to the event associated with the critical point in the discontinuous reduction of the complex mentioned above.
(6) Antimycin A mimics reducing agents in having a stabilizing effect on the conformation of the complex." 10 Treatment with antimycin A decreases the number of sulfhydryl groups titratable under denaturing conditions and inhibits the cleavage of the enzyme by guanidinium salts or detergent plus salt; antimycin A also retards the mersalyl-induced release of "core protein" from the complex."' 12 Indeed, the release of "core protein" requires the destruction of the antimycin- Interpretation.-There appear to be three recognizable functional segments of the complex: the cytochrome b segment, the cytochrome cl segment, and the nonheme-iron protein segment. The structural linkage between the two heme segments is susceptible to cleavage by guanidinium salts or by ammonium sulfate in the presence of high concentrations of detergent. This linkage is modified, or in some way protected from the cleaving agents by the reduction of some grouping (with an oxidation-reduction potential between that of cytochrome b and that of cytochrome c,). Anitimycin A also protects this linkage from cleavage (even when the complex is oxidized). "Core protein" can only be released from the complex when this linkage is broken. The nonheme-iron protein apparently has a role in the transfer of electrons between the two heme segments. Cyanide (at high concentrations) and tryptic digestion may well each inhibit the catalytic activity of the complex by affecting this function of the nonheme-iron protein.
Two lines of evidence suggest that in the oxidized complex, the cytochrome b which is first reduced is not in oxidation-reduction equilibrium with the cytochrome cl segment of the complex. The first of these is the observation (section 5, above) of a discontinuous flow of electrons through the complex. The second is the autox-idizability of cytochrome b. It is noteworthy that the extent of this autoxidizability can be correlated with the extent of isolation of cytochrome b from other oxidationreduction components of the complex. (It is assumed, in drawing this conclusion, that tryptic digestion or treatment with cyanide prevents interactions involving the nonheme-iron protein, and that antimycin A effectively prevents interactions between the cytochrome b and c1 of the complex, as indicated in section 3 above.)
Available evidence (see section 3 above) favors the notion that there is an inicrease in the conformational stability of the complex when an unidentified group (with a potential between + 100 and + 220 mv) is reduced. Whatever the precise nature of this effect, it is likely that anl actual conformationial change occurs, involving the spatial interrelationships of the cytochrome b and cytochrome c1 segments of the complex. The studies on the tryptic digestion of the complex (see section 4 above) suggest that the nonheme-iron protein also undergoes a conformational change upon reduction, to a form which is more susceptible to proteolytic digestion. An alternative interpretation is that a conformational change of the whole complex upon reduction renders the nonheme-iron protein more accessible to trypsin.
In the light of the above considerations we now propose the following model for electron transfer within the complex, in the presence of an excess of reduced coenzyme Q (cf. Fig. 1 ): cytochrome b is not in direct contact with cytochrome c1; thus, although cytochrome cl has a more positive oxidation-reduction potential than cytochrome b, the substrate (reduced coenzyme Q) may reduce cytochrome b without reducing cytochrome cl. Subsequent to the reduction of cytochrome b by one electron, a second electron (possibly from the semiquinone form of coenzyme Q) is fed into the system to reduce another component. This other component could be either the second cytochrome b or else X, a functional group on either core protein or the uncharacterized fifth species of the complex. This second reduction might involve a proton (see section 5 above), and the functional group involved might indeed be associated with the labile linkage between the two cytochromecontaining segments of the complex. Upon this second reduction there is a conformational change of the whole complex whereby functional contact is made between cytochrome b and cytochrome c1. An electron is now transferred from cytochrome b to cytochrome cl, possibly through the mediation of the nonheme-iron protein. A further conformational change, this time in the nonheme-iron protein, might be involved as part of the mechanism of this second electron transfer process. Unless a further oxidant is introduced into the system, it remains poised in this state (state D in Fig. 1 ) with cytochrome b in redox equilibrium with cytochrome c1. In the presence of cytochrome c, however, XH is oxidized, and the components of the cytochrome b segment of the complex revert to their original conformation (state E in Fig. 1 ). The reduction of cytochrome c (+ 250 mv) by XH (+ 100 mv?) would be more favored than the reduction of cytochrome c by cytochrome cl (+ 220 mv). Subsequently, however, cytochrome c1 is presumed to be reoxidized by a second molecule of cytochrome c so that the system completes an entire electron transfer cycle and returns to state A. The anomalous effect of the addition of ferricyanide to the reduced complex in the presence of antimycin A and reduced substrate (see section 6 above) can be explained ill terms of this model (see states F-H in Fig. 1) . Antimycin can react with the reduced complex (as demonstrated by a shift in the wavelength of the band of reduced cytochrome b)'7 without affecting the states of reduction already established between the cytochromes, but rendering cytochrome b more autoxidizable. The transient oxidation of the whole complex by the ferricyanide momentarily causes a conformational change making cytochrome b more readily accessible to electrons transferred from the substrate. Once fully reduced, however, the cytochrome b can no longer come into functional contact with the cytochrome cl segment of the complex, and so is not reoxidized. This would be because antimycin A blocks the flow of electrons to cytochrome cl following the conformational change attendant upon the reduction of X.
If indeed electron transfer in the complex does involve a new functional group, X, it appears likely that this group is intimately associated with the labile linkage between the cytochrome b and cl segments of the complex. It is also likely that such a group would be associated with the antimycin-sensitive site. The specificity of the conditions necessary for the cleavage of the complex give some clue as to the nature of the labile linkage. Thus, it is likely that the residue involved would be one which is stabilized by reduction, would have the necessary oxidation-reduction potential (about + 100 mv), and would require a proton for the reductive step. Moreover, it would be sensitive to hydrolytic cleavage in the presence of guanidine or guanidine derivatives.'0
One point which has not been considered in discussing the model as outlined in Figure 1 is the actual localization of the various reactive groupings within the isolated complex, or within the complex as it exists natively in the inner membrane of the mitochondrion. The tentative localization of some of the components within the complex' is of little help in deciding upon the spatial arrangement of prosthetic groups. The only real clue to the solution of this latter problem is the nature of the electron donor itself. In the intact mitochondrion the native, and preferred, substrate is reduced coenzyme Qio.'8 This is a lipid-soluble mobile component which is thought to transfer electrons from reduced complex I or II to complex III by moving through the lipid phase of the inner mitochondrial membrane. 19 In the case of the isolated complex, the preferred substrate is reduced coenzyme Q2 '20 In this case it appears that the extreme water-insolubility of higher homologues renders very difficult their interaction with an aqueous suspension of the bile-salt dispersed complex. In either case, however, it would appear likely that the initial interaction between the lipid-soluble substrate and the heme of cytochrome b takes place within a lipid milieu at one surface of complex III. (The nonheme-iron protein and cytochrome cl, both of which have been tentatively assigned to the "outside" of the complex, may also abut this same hydrophobic region.) In all probability, the second electron would also have to be fed into the complex in a lipid phase, but since the identity of the postulated functional group, X, remains to be established, further speculation as to the site of the reaction involved is not possible. However, it is interesting to speculate that once X has been reduced and cytochromes b Indeed models with some features in common with the one which we propose have been suggested in connection with the mechanism of action of cytochrome oxidase.2' Moreover, complex IV of the mitochondrial electron transfer chain ( If the model which we propose for electron transfer within complex III is correct in principle, then it is tempting to relate it to the primary energy-conserving process in mitochondria. The cyclic wave of conformational changes which we suggest would represent a satisfactory solution to the problem of the integration and transduction of the potential energy changes involved in the over-all electron transfer. The actual transduction process could be the formation of a covalent bond between groups brought into contact with one another by the conformational change, e.g., between coenzyme Q and X, or between an aldehyde (if X were a reducible acid or lactone) and a thiol group; or it could be the movement, say, of a proton from one site in the complex to another. In any event, it is clear that any description of this primary transduction process must ultimately rest upon a detailed description of the process of electron transfer within the complexes of the respiratory chain of the mitochondrion.
